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The Mouse Thymosin Beta15 Gene Family Displays
Unique Complexity and Encodes A Functional
Thymosin Repeat
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We showed earlier that human beta-thymosin 15 (Tb15) is up-regulated in
prostate cancer, confirming studies from others that propagated Tb15 as a
prostate cancer biomarker. In this first report on mouse Tb15, we show that,
unlike in humans, four Tb15-like isoforms are present in mouse. We used
phylogenetic analysis of deuterostome beta-thymosins to show that these
four new isoforms cluster within the vertebrate Tb15-clade. Intriguingly, one
of these mouse beta-thymosins, Tb15r, consists of two beta-thymosin
domains. The existence of such a repeat beta-thymosin is so far unique in
vertebrates, though common in lower eukaryotes. Biochemical data indicate
that Tb15r potently sequesters actin. In a cellular context, Tb15r behaves as a
bona fide beta-thymosin, lowering central stress fibre content.We reveal that a
complex genomic organization underlies Tb15r expression: Tb15r results
from read-through transcription and alternative splicing of two tandem
duplicated mouse Tb15 genes. Transcript profiling of all mouse beta-
thymosin isoforms (Tb15s, Tb4 and Tb10) reveals that two isoform switches
occur between embryonic and adult tissues, and indicates Tb15r as themajor
mouse Tb15 isoform in adult cells. Tb15r is present also in mouse prostate
cancer cell lines. This insight into the mouse Tb15 family is fundamental for
future studies on Tb15 in mouse (prostate) cancer models.
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Introduction

Beta-thymosins are either small proteins, consist-
ing of approximately 40 amino acids, which are
typically present in vertebrates, or longer variants
with repeated units, which are present in lower
metazoans.1,2 The single unit vertebrate beta-thy-
mosins are regarded as the main actin sequestering
peptides.3 By inhibiting the polymerization of
bound monomeric actin, they influence the dynamic
balance between filamentous and monomeric actin.4

Recently, we clarified that three beta-thymosin iso-
forms are present in human, as has been described
for the rat.5 Thymosin beta4 (Tb4) and thymosin
beta10 (Tb10) have already been characterized in
several organisms.6 We showed that one additional
d.
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isoform in humans, neuroblastoma beta-thymosin
(TbNB), is the functional homologue of the pre-
viously reported rat thymosin beta15 (Tb15). This
isoform has proved to be a promising biomarker for
the early identification of prostate cancer patients at
high risk of recurrence.7 Tb15 has been reported to
be up-regulated in breast, brain, lung and head and
neck cancer.8 The detailed molecular mechanisms
underlying the role of Tb15 in cancer remain to be
elucidated. Tb15/TbNB is reported to lower cellular
filamentous actin content and stimulate cell migra-
tion upon over-expression.5 Analogously, silencing
rat Tb15 reduces cell migration.9 Rat Tb15 has fur-
ther been shown to have a pro-angiogenetic effect10

and to promote neurite branching11 and survival of
motoneurons.12

Mouse Tb15-like isoforms have not been reported.
Given that the mouse is an accepted model organ-
ism, in particular in the field of tumourigenesis, we
undertook this study to unravel and characterize the
mouse genes related to the human prostate cancer
biomarker gene Tb15. We show that three Tb15-like
gene loci encoding bona fide members of the Tb15-
class are present in mouse. Next to a gene duplica-
tion that is commonly present in other mammals, an
additional mouse-specific tandem duplication of a
Tb15 locus has occurred. The three mouse Tb15
genes are transcribed separately but the tandem
duplicated genes also give rise to a fourth, read-
through, transcript resulting in an imperfect double
repeat Tb15-like beta-thymosin (Tb15r). Biochemical
characterization indicates that this longer Tb15r
binds one actin monomer and displays unusually
high sequestering activity. An extensive expression
analysis of all mouse beta-thymosin isoforms (Tb4,
Tb10 and new Tb15 isoforms) in adult mouse tissue
and during embryonic development indicates,
among other things, that Tb15r is the major Tb15
form in adult tissues.
Results

The mouse expresses more Tb15-like peptides
than other mammalian species

To identify amurine thymosin beta15 (Tb15) homo-
logue, we first used BLASTp (Basic Local Alignment
Search Tool, Protein) at the NCBI website, searching
with the human Tb15 amino acid sequence in the
mouse RefSeq protein database†.13 Unexpectedly, we
found four different, but highly related Tb15-like
peptide sequences predicted in this database (expec-
tation value less than 10-13) that are distinct from the
known mouse thymosin beta4 (Tb4) and thymosin
beta10 (Tb10). A multiple sequence alignment of
these six mouse beta-thymosin forms demonstrates
the high level of sequence conservation between all
isoforms and, in particular, between the four newly
identified proteins (Fig. 1a). Two of the Tb15-like
†http://blast.ncbi.nlm.nih.gov
sequences differ in only two amino acids. One of the
Tb15-like forms is clearly atypical compared to the
other vertebrate beta-thymosins with regard to its
length: it is 80 amino acids long and contains two
beta-thymosin modules (Pfam PF01290 or Prosite
PS00500), therefore we called this peptide Tb15repeat
or Tb15r (Fig. 1a).
To judge if we assigned the new mouse beta-

thymosins to the Tb15 subclass correctly, we per-
formed a protein sequence alignment and subsequent
phylogenetic analysis of beta-thymosins of selected
deuterostome species, available in public databases at
present (for a list of sequences, see Supplementary
Data S1). To evaluate how they relate to the mamma-
lian beta-thymosins, we included single-domain beta-
thymosins from urochordates and cephalochordates,
which are at the origin of the vertebrate phylum.
The deuterostome phylogenetic tree shows that

mammalian beta-thymosins are distributed mainly
into three clusters (Fig. 1b), similar to our recent
finding that the human beta-thymosin family is
composed of three distinct protein isoforms; Tb4,
Tb10 and Tb15.5 Beta-thymosins from the cephalo-
chordate amphioxus (Branchiostoma belcheri and Bran-
chiostoma floridae) cluster at the base of the Tb15-clade,
suggesting thatTb15 is at least as old as thedivergence
between cephalochordates and vertebrates between
810 and 1067 MYrs ago.14 The four Tb15-like mouse
isoforms clearly group togetherwithin the Tb15-clade,
indicating that these peptides can indeed be categor-
ized as Tb15 homologues. Interestingly, the rat also
has twodifferent Tb15-like peptides,whereas humans
have only one Tb15 peptide sequence (see below).

Comparing the thymosin beta15 gene loci in
human, mouse and rat reveals orthologous
relationships and a mouse-specific duplication

It was reported recently that, although only one
human Tb15 protein isoform is present, two diffe-
rent genes on chromosome X, Tb15a and Tb15b,
encode this peptide.8 Database inspection, including
tBLASTn searches in the NCBI genomic database,
indicated that the four mouse Tb15s newly reported
here and the two rat Tb15s are also encoded by
genes located on the X chromosome (Table 1). Sur-
prisingly, the long mouse variant Tb15r maps to the
same genomic location as two of the other isoforms,
indicating that mouse has only three gene loci
encoding four isoforms (see below).
To investigate the genomic conservation and orga-

nization of mouse Tb15-like gene loci, we performed
a syntenic analysis, comparing the chromosomal
maps of the regions on the X chromosome where the
Tb15 genes are located in human, mouse and rat
(Fig. 2). For both Tb15a and Tb15b, multiple flanking
genes are conserved between human and rat. On
this basis, we named the two rat Tb15 loci newly
identified here Tb15a and Tb15b, according to the
orthologous human loci. In mouse too, a Tb15 gene
is located in the region syntenic with that of human
Tb15a. Interestingly, the region in mouse corre-
sponding to human and rat Tb15b contains two
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adjacent Tb15-like encoding genes, indicating that a
mouse-specific duplication event took place. We
named these duplicated genes Tb15b and Tb15c,
with respect to their order on the reverse strand of
Fig. 1 (legend o
the X chromosome from which they are transcribed
(Fig. 2). As pointed out above, the gene encoding the
fourth atypically long mouse Tb15-like peptide
covers both the Tb15b and Tb15c loci.
n next page)



Table 1. Genomic location of Tb15 gene loci in human, mouse and rat

Gene name Ensembl / NCBI gene ID
Chromosome

band Genomic locationa

HsTb15a TMSL8 ENSG00000158164 / 11013 Xq22.1 X:101655266-101658355(-1)
HsTb15b TMSL8 (MGC39900) ENSG00000158427 / 286527 Xq22.2 X:103105749-103107219(1)
MmTb15a 1700129|15Rik ENSMUSG00000060726 / 78478 X-F1 X:132253206-132255212(-1)
MmTb15b 4930488E11Rik ENSMUSG00000072955 / 666244 X-F1 X:133508561-133511413(-1)
MmTb15c 4930488E11Rik ENSMUSG00000079851 / 100034363 X-F1 X:133489527-133492548(-1)
MmTb15r 4930488E11Rik ENSMUSESTG00000012724 / 399591 X-F1 X:133489721-133511386(-1)
RnTb15ab MGI:1925728 ENSRNOG00000037661 / - Xq35 X:123022152-123023274(-1)
RnTb15bc Tmsbl1 - / 286978 Xq35 X:101126074-101128188(-1)

Hs, Homo sapiens; Mm, Mus musculus; Rn, Rattus norvegicus.
a The genomic location on the assemblies NCBI_36.3 for human, NCBI_37.1 for mouse, RGSC _3.4 for rat Tb15a and Celera for rat

Tb15b, is given as chromosome: gene_start_in_bp – gene_end_in_bp (strand_orientation).
b Not annotated in the NCBI database.
c The reference chromosome assembly in rat displays a gap at this position; however, the NCBI alternate assembly (based on Celera)

covers this gap containing the annotated rat Tb15b gene.
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Tandem duplicated mouse Tb15b and Tb15c
genes are alternatively transcribed as one
read-through transcript coding for a longer
beta-thymosin with a repeated nature, Tb15r

If the two Tb15b and Tb15c genes, either separately
or combined, give rise to the three predicted proteins
Tb15b, Tb15c and Tb15r, then this should be evident
from expressed sequence tag (EST) databases and/or
from reverse-transcriptase PCR analysis on mouse
tissues or cells.We used tBLASTn to search themouse
EST database at NCBI with mouse Tb15a, Tb15b,
Tb15c and Tb15r protein sequences. This search
yielded several specific ESTs for all forms, suggesting
all the loci described above are actively transcribed
and are not pseudogenes. Fewer ESTs were found for
Tb15a and Tb15b (six and four, respectively) than for
Tb15c and Tb15r (13 and 12, respectively) (Supple-
mentary Data Table S3). Using primer sets for PCR-
amplification of the different mouse beta-thymosin
transcripts, we confirmed that transcription from
the mouse Tb15 loci occurs. This is demonstrated in
Fig. 3 for mouse embryos at stage E14.5. Due to the
high sequence conservation of Tb15b and Tb15c
(96% sequence identity at the cDNA level), the
primer set MmTb15b/c+r (Fig. 3a and b) does not
Fig. 1. Phylogenetic analysis, exploring the mouse Tb15 ho
thymosins. Peptide sequences of mouse beta-thymosin isoform
Tb15r (GenBank accession numbers NP_067253, NP_079560, N
were aligned using Multalin version 5.4.1;52 the figure was ge
indicated in bold and highlighted in black. (b) Phylogenetic t
(see Materials andMethods for details on species selection and
available in Supplementary Data S1. The three main beta-thy
indicated as thymosin beta15, thymosin beta4 and thymosin b
public databases were named according to the cluster they gro
like forms. The bootstrap values based on 1000 pseudoreplicat
circle, N25% and ≤50%; filled rectangle, N50% and ≤75%; filled
Bb, Branchiostoma belcheri; Bt, Bos taurus; Ci, Ciona intestinalis; C
Homo sapiens; Mam,Macaca mulatta; Me,Macropus eugenii; Mm,
Paracentrotus lividus; Pr, Poecilia reticulata; Rn, Rattus norvegicu
Sus scrofa, Tg, Taeniopygia guttata; Tt, Tursiops truncatus; Xl, Xe
Tb4; UTb4, ubiquitous Tb454; #Tg_Tb10 was named after Tb10
two different highly similar genes (Tb15a and Tb15b).
distinguish between these forms and recognizes
Tb15r, giving rise to two amplicons of different
lengths (Fig. 3c). MmTb15r, the primer set specific
for Tb15r, also resulted in a PCR product. This
confirms the unique situation where the mouse
Tb15b/c locus delivers a repeat beta-thymosin read-
through transcript as well as separate transcripts
(Fig. 3) (see qRT-PCR analysis, below).
By using BLAST for the coding sequences against

the genomic sequence, we defined the exon–intron
boundaries of the mouse Tb15 genes (Table 2). The
mouse Tb15a, Tb15b and Tb15c genes each have
three exons; translation starts in exon 2 and stops in
exon 3. The organization of the mouse Tb15b and
Tb15c genes is depicted in Fig. 4a. Figure 4b shows
the gene structures at the nucleotide level. Our
prediction of organization and the size of exons
and introns is in good accordance with the re-
ported highly conserved gene structure of human,
mouse and rat Tb415 (Table 2) and with the pre-
dicted exon–intron boundaries of the human and
rat Tb15 genes. The splice sites of the mouse Tb15
genes strongly match the sequences of the con-
sensus splice sites; a pyrimidine rich stretch and
plausible branch-point can be located in each 3′
splice site (Fig. 4b).16 The 3′ splice site that deviates
mologues. (a) Multiple sequence alignment of mouse beta-
s:Mus musculus (Mm) Tb4, Tb10, Tb15a, Tb15b, Tb15c and
P_084382, NP_001075452, NP_001074436 and NP_997150)
nerated with ESPript 2.2.53 A high level of conservation is
ree of beta-thymosins from selected deuterostoma species
tree generation). The tree is based on the protein sequences
mosin clusters revealed by the phylogenetic analysis are
eta10. The beta-thymosins that were not yet annotated in
up in. See the text for the naming of rat and mouse Tb15-
es are represented as follows: open rectangle, ≤25%; open
circle, N75%. Al, Amolops loloensis; Ap, Arbacia punctulata;
p, Cavia porcellus; Ec, Equus caballus; Gg, Gallus gallus; Hs,
Mus musculus; Oa,Ovis aries; Oc,Oryctolagus cuniculus; Pl,
s; Sp, Strongylocentrotus purpuratus; Sr, Sycon raphanus; Ss,
nopus laevis; Xt, Xenopus tropicalis. LTb4, lymphoid specific
from chicken; ⁎Hs_Tb15 peptide can be transcribed from



Fig. 2. Chromosomal mapping reveals tandem duplication of one of the two orthologous Tb15 gene loci in mouse
compared to human and rat. Syntenic analysis of the regions of the human, mouse and rat X chromosome spanning the
Tb15 genes. The regions shown are: for human (NCBI_36.3 assembly) X:100220519-106336200 bp; for mouse (NCBI_37.1
assembly) X: 130829764-136533090 bp and for rat (RGSC_v3.4 assembly) X: 121773572- 128595524 bp. The gap in the rat
RGSC_v3.4 assembly between 124528491 bp and 124736683 bp was filled with data from the rat Celera assembly
overlapping this region. Genes are represented by arrows; arrows pointing to the left or right indicate transcription from
the reverse or forward strand, respectively. Gene information was downloaded from the genomic database available at
NCBI, only genes containing gene descriptions and geneIDs in the Ensembl database are retained in the figure. Colours
indicate orthologous genes, based on the gene name (included in the figure) and gene description. For the genes indicated
with an open arrow, no orthology can be indicated based on this information. Black arrows represent the different Tb15
genes, Tb15a, b and c, indicated by a, b and c.

Fig. 3. Target specific PCR-based amplification of different mouse Tb15 isoforms. (a) The primer sequences of the five
PCR primer sets used to detect mouse beta-thymosins and the length of resulting amplicons are summarized. (b) The
location of each primer on the cDNA sequences of all mouse beta-thymosins is shown schematically. Coding sequences
are boxed, forward (right-pointing arrow) and reverse (left-pointing arrow) primers are numbered in the scheme (b) as in
the table (a). Exon boundaries are marked by vertical dotted lines. Two primer sets were used for Tb15r: forward primer 7
combined with reverse primer 9 amplifies part of the coding sequence that is specific for Tb15r (primer set specific for
MmTb15r); primer 7 combinedwith reverse primer 8 amplifies part of the coding sequence that is shared by Tb15b, c and r
(primer set MmTb15b/c+r). (c) qRT-PCR end products obtained from a sample derived from mouse embryos at
embryonic stage E14.5 using primer sets MmTb4 (lane 1), MmTb10 (lane 2), MmTb15r (lane 3), MmTb15b/c+r (lane 4) and
MmTb15a (lane 5) were separated on a 2% agarose gel. The amplicons have the expected length (see a). The primer sets
depicted here were also used to generate the qRT-PCR data shown in Fig. 5.
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814 A Functional Tb15 Repeat in Mouse
most from the consensus sequence is that of the last
intron of Tb15b, where two adenines interrupt the
pyrimidine tract (Fig. 4c).
As Tb15r and Tb15b are transcribed from the same

promoter and use the same first two exons, they can
be regarded as alternative splice products of the
Tb15b gene. The Tb15r transcript, however, also uses
exons from Tb15c, which renders the situation
more complex (Fig. 4a). Indeed, the Tb15r read-
through transcript contains exons 1 and 2 from
Tb15b followed by exons 2 and 3 from the Tb15c gene
interspaced by a large intron of 18,558 bp between
both exon 2 sequences. The last exon from the Tb15b
gene and the first exon from Tb15c are thus skipped
(green boxes in Fig. 4a and b). Because the last exon
of Tb15b is partly coding, the combination of Tb15b
and Tb15c to Tb15r does not result in a perfect beta-
thymosin repeat; the first unit of the repeat lacks the
12 amino acids that form the Tb15b C-terminus
(Figs. 1a and 4b).
Tb15 isoforms are ubiquitously transcribed in
adult mouse tissue, throughout development
and in cell lines derived from prostate cancer

We quantitatively determined the transcript levels
of all mouse beta-thymosin isoforms during dev-
elopment from embryonic stage E8.5 until E18.5,
and investigated different adult tissues, includ-
ing heart, kidney, liver, lung, muscle and spleen
(Fig. 5).
During development in the mouse, all beta-

thymosin isoforms except Tb15a display a similar
temporal expression pattern, with Tb10 being the
most abundantly transcribed gene (Fig. 5a and b).
Transcript levels of Tb4, Tb10 and the other Tb15s
increase from embryonic stage E8.5 on, peak at E13.5
and diminish afterwards. Tb4 and Tb10 transcripts
are approximately 200-fold more abundant than the
Tb15 b/c and r transcripts, and this ratio between
beta-thymosin isoform mRNA levels is constant
throughout development. The Tb15a transcript
levels are very low during all stages; approximately
100- to 200-fold lower than the other Tb15-like
transcript levels (Fig. 5b). For stages E16.5 to E18.5,
we separated head and body of the embryos (Fig. 5c
and d). This revealed that whereas Tb15b/c and
Tb15r transcript levels in the body are equal, in the
head Tb15b/c display twofold higher levels than
Tb15r.
In adult mouse organs, the situation is clearly

different (Fig. 5e and f). In general, Tb4 is now the
most abundantly transcribed isoform. The highest
levels of Tb4 and Tb10 mRNA are observed in the
spleen and lungs; the lowest levels are observed in
striated muscle and the liver. Similar to embryos, the
mRNA levels of the Tb15 isoforms are approxi-
mately one to three orders of magnitude lower than
the Tb10 transcript levels. Of all mouse Tb15 iso-
forms, Tb15a again has the lowest transcript level,
except in the heart, where it is the main Tb15 isoform
present. In contrast to the embryonic stages, Tb15r is



815A Functional Tb15 Repeat in Mouse
now the main Tb15 isoform in most adult samples,
reaching the highest levels in the spleen and lungs
(Fig. 5f).
Fig. 4 (legend o
In general, beta-thymosin isoforms are difficult to
detect with immunobased assays.6 The 200-fold
lower transcript levels of Tb15 compared to those of
n next page)
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Tb4 and Tb10 may explain why our attempts to
detect these isoforms at the protein level have so far
been unsuccessful (data not shown).
Since Tb15 expression has been correlated with

prostate cancer,9 we qualitatively analysed beta-
thymosin expression in three cell lines derived
from a primary prostate tumour of the trans-
genic adenocarcinoma mouse prostate (TRAMP)
model.17,18 Two of these cell lines, TRAMP-C1
and TRAMP-C2, are tumourigenic when grafted
into syngeneic C57BL/6 hosts, whereas the third
cell line, TRAMP-C3, is not.17 Using endpoint
reverse-transcriptase PCR, we demonstrate that,
next to transcripts for Tb4 and Tb10, at least
three Tb15 transcripts (Tb15a, Tb15b and/or
Tb15c and Tb15r) are present in these three cell
lines (Fig. 6).

Mouse Tb15r sequesters actin twice as strongly
as its short counterpart Tb15c

Given the expression data described above indi-
cating that Tb15r is the main Tb15 transcript in adult
organs and is expressed in prostate cancer, it is
important to understand the functional implication
of its repeated nature. Real-time actin polymeriza-
tion experiments demonstrate that Tb15r is more
potent in inhibiting salt-induced actin polymeriza-
tion compared to its short counterpart Tb15c (Fig.
7a). Adding 5 μM Tb15r to equimolar amounts of
actin completely abrogates polymerization, whereas
the same concentration of Tb15c allows some actin
polymerization.
As amore quantitative approach, we used an actin

sequestering assay with actin filaments with capped
barbed ends. We derived equilibrium dissociation
constants (Kd) of 1.4 μM and 0.7 μM for Tb15c–actin
and Tb15r–actin complexes, respectively, confirm-
ing the stronger activity of Tb15r (Fig. 7b). By using
isothermal titration calorimetry (ITC), we found a
comparable Kd of 0.5 μM for the Tb15r–actin inter-
action (Supplementary Data Fig. S2). Note that the
dissociation constant obtained for the mouse Tb15c–
actin complex is already lower than those reported
for Tb4 isoforms, conform earlier reports on human
and rat Tb15.5,19

It has been shown that proteins with multiple
beta-thymosin modules, e.g. Caenorhabditis elegans
Fig. 4. Tandem duplicated Tb15b and Tb15c genes are alter
of the genomic organization of the mouse Tb15b and Tb15c lo
compared to surrounding regions. The scale bar represents 200
red for Tb15b and blue for Tb15c. Broken lines show the splicin
and Tb15r (below). Boxes close to the gene names represent
mRNA is composed of exons from both the Tb15b and Tb15c g
Tb15r transcript are boxed in green. (b) Genomic sequence o
boxed. Splice sites and branching point consensus sequenc
indicate stop codons. Amino acid sequences encoded by T
pectively. For transcription of Tb15r, the exons boxed by a gre
(N and K at positions 33 and 34) as result of the fusion betwe
black. (c) Representation of the 3′ splice site (3′ss) intron co
mouse Tb15b and Tb15c genes. The consensus sequence w
application WebLogo.
TetraThymosinβ20 and Drosophila melanogaster
CiboulotA,21 can participate in the polymerization
process by delivering actin monomers to free
elongating barbed ends. Therefore, we tested if
Tb15r is able to promote barbed end filament
elongation; we performed the same experiment as
above but in the absence of gelsolin, thus leaving
barbed filament ends free (Fig. 7c).20 Under these
conditions, we obtained Kd values of 1.1 μM and
0.6 μM for Tb15c- and Tb15r–actin monomer com-
plexes, respectively. These values are very close to
those obtained when using capped barbed end
filaments, indicating that Tb15r does not contribute
to filament elongation. Note, furthermore, that
Tb15r neither has a promoting effect on nucleation,
a property described for other proteins containing
consecutive actin monomer binding domains;22,23
the lag phase in the polymerization curve is not
shortened upon addition of Tb15r at any of the
concentrations tested (Fig. 7a).
Taken together, our in vitro data show that the

repeat beta-thymosin Tb15r is a pure actin-seques-
tering agent. Furthermore, Tb15r is twice as efficient
as its short counterpart Tb15c in actin binding and
sequestering.
Tb15r binds actin in a 1:1 complex

The calculated doubled affinity of mouse Tb15r
versus Tb15c for actin monomers can result from
two scenarios. Either Tb15r contains one functional
actin binding module with a twofold higher affinity
than the Tb15c actin-binding module, or Tb15r has
two independent functional modules, both having
affinities comparable to that of the single Tb15c
module.
To discriminate between these two possibilities,

we determined the stoichiometry of the actin–Tb15r
complex. Titration of actin with Tb15r monitored by
a band-shift assay in non-denaturing gels indicates
that only one Tb15r-actin complex is formed (Fig.
8a). Zero-length chemical crosslinking of Tb15r to
actin at various Tb15r:actin molar ratios followed by
gel electrophoresis under denaturing conditions
revealed that this complex has a molecular mass
corresponding to one actin molecule and one Tb15r
molecule (Fig. 8b).
natively transcribed into Tb15repeat. (a) A representation
ci. Exons are boxed, the width of a box is drawn to scale
bp. Filled boxes indicate coding regions and are coloured
g strategy for each of the transcripts Tb15b, Tb15c (above)
the resulting spliced mRNAs, visualising that the Tb15r
enes. Exons from Tb15b and Tb15c that are skipped for the
f the mouse Tb15c and Tb15c genes. Exon sequences are
es are shown in bold, and/or in upper case. Asterisks
b15b and Tb15c genes are shown in red and blue, res-
en line are skipped and the two residues unique to Tb15r
en exon2 from Tb15b and exon2 from Tb15c are shown in
nsensus sequence compared to 3′ss intron sequences of
as based on Ref. 16 and created with the web-based



Fig. 5. Profiling of mouse beta-thymosins in stages of embryonic development and in adult organs. Absolute
quantification results of qRT-PCR analysis of mouse beta-thymosins performed on samples from embryos of stage E8.5 to
E18.5 (a and b), on samples from separated head and body of stage E16.5 until E18.5 (c and d) and on samples from adult
heart, kidney, liver, lung, striated muscle and spleen (e and f). a, c and e show the normalized transcript copy numbers of
mouse Tb4 and Tb10; b, d and f show the results for mouse Tb15a, Tb15b/c and Tb15r. Error bars represent standard
deviations of mean values from duplicate samples.
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Fig. 6. Tb15 transcripts in mouse prostate cancer cell
lines. Endpoint PCR on total cDNA from TRAMP-C1 (a),
TRAMP-C2 (b) and TRAMP-C3 (c). Products were sepa-
rated and visualized on a 2% agarose gel. Primer sets used
are MmTb4 (lane 1), MmTb10 (lane 2), MmTb15r (lane 3),
MmTb15b/c+r (lane 4) and MmTb15a (lane 5) (see Fig. 3a
for primer sets and amplicon lengths). In all three
TRAMP-C prostate cancer cell lines tested, at least three
Tb15 isoforms are transcribed. M, marker.

Fig. 7. Mouse Tb15r is twice as efficient in actin se-
questering as Tb15c. (a) Kinetics of actin polymerization
after addition of the indicated amounts of Tb15c or Tb15r
to 5 μMactin (10% pyrene labelled) were monitored in real
time by detecting changes in pyrene fluorescence as a
measure of the amount of F-actin formed. (b and c) To
quantify the actin monomer sequestering potential of
Tb15c and Tb15r (represented by the decrease in F-actin),
steady-state measurements of F-actin were done using
either filaments with capped barbed ends (b) or filaments
with free ends incubated with Tb15c and Tb15r at different

818 A Functional Tb15 Repeat in Mouse
A continuous variation experiment in which the
total amount of protein (actin and Tb15r) was kept
constant, showed a discontinuity at a molar ratio
of 1.26:1.14 actin/Tb15r. This is the point where
the maximum amount of complex is formed and
thus reflects the stoichiometry of the complex.
From two independent experiments, the mean
value for the stoichiometry was calculated as 1.01
(±0.13) (Fig. 8c). ITC analysis also resulted in a
value close to a 1:1 stoichiometry (Supplementary
Data Fig. S2).

Tb15r strongly reduces actin fibers upon
transient over-expression in mouse NIH3T3
fibroblasts

Over-expression of human Tb15 and other beta-
thymosin isoforms in eukaryotic cells results in a
reorganization of the actin cytoskeleton.5 Using this
approach, we compared the effect of mouse Tb15r
and Tb15c. We found that cells transiently over-
expressing Tb15r or Tb15c (fused to eYFP (enhanced
yellow fluorescent protein)) both display a significant
reduction in F-actin content compared to eYFP
transfected control cells (Fig. 9a and b). Similar to
what has been observed for human Tb15,5 mainly
central stress fibres are affected, whereas cortical actin
bundles are still present. In addition, a perinuclear
actin ring observed in non-transfected or in eYFP-
expressing control cells was clearly absent from beta-
thymosin over-expressing cells (Fig. 9a).
concentrations (c). F-actin content at equilibrium was
plotted as a function of beta-thymosin concentration. The
Kd values for actin-Tb15c and actin-Tb15r complexes were
derived from the slope: 1.4 μM and 0.7 μM, respectively,
when barbed ends are capped (b, CMC of actin=0.54 μM)
and 1.1 μM and 0.6 μM respectively when filament ends
are free (c, CMC of actin=0.16 μM).
Discussion

During this study of the mouse homologue of
the human Tb15, which is considered as a prostate
tumour marker, we unexpectedly discovered the
existence of additional Tb15 isoforms in mouse.
Instead of the two Tb15 gene loci present in human
and rat, mouse has three loci encoding four



Fig. 8. Tb15r binds monomeric actin in a 1:1 complex.
(a) Formation of the Tb15r–actin complex was monitored
by non-denaturing gel electrophoresis indicating only one
type of complex is visualized. (b) Zero-length cross-linking
followed by denaturing gel electrophoresis and staining
with Coomassie brilliant blue shows that this actin–Tb15r
complex has a molecular mass of approximately 50 kDa,
corresponding to one actin monomer (42 kDa) bound to
one Tb15r molecule (8.8 kDa). (c) Fluorescence measure-
ments of samples with various amounts of NBD-labelled
actin and Tb15r at a constant total protein concentration
(2.4 μM) revealed a transition point at 1.14 μM Tb15r and
1.26 μMactin (actin:Tb15r=1.1). The broken line shows the
theoretical fluorescence enhancement of actin alone.
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different Tb15 isoforms. This unique situation is
based on a mouse-specific gene duplication in com-
bination with an intriguing read-through trans-
cription of the duplicated genes. The latter gives
rise to a fusion transcript encoding a functional
mouse Tb15 double repeat that is twice as effi-
cient as a single Tb15 in sequestering actin mono-
mers in vitro. Moreover, an extensive tissue pro-
filing analysis, comparing expression levels of all
different mouse beta-thymosin isoforms, revealed
that Tb15r is the main Tb15-like form expressed in
most adult tissues. At least three different Tb15
transcripts, including Tb15r, are present in mouse
prostate cancer cell lines. Future research on beta-
thymosins in mouse (prostate) cancer models thus
needs to take into account the different mouse
Tb15-isoforms.

More than one Tb15 gene locus is generally
present in mammals but in mouse, the
complexity of the Tb15 gene locus
additionally involves tandem duplication and
read-through transcription

Phylogenetic analysis shows that the four newly
reported mouse beta-thymosins are highly related
Tb15 isoforms as they all cluster in the Tb15 clade.
In addition, this analysis allows two novel conclu-
sions contributing to the understanding of the beta-
thymosin family. First, the three main clusters
apparent in the presented phylogenetic tree pro-
vide a solid basis for a general classification of all
mammalian beta-thymosins into three isoforms
(Tb4, Tb10 and Tb15). This had been hypothesized
on the basis of the fact that human as well as rat
were reported to express three distinct beta-
thymosin isoforms.5 Second, the complexity of the
Tb15 subfamily is clarified. More than one Tb15
form is present in mouse, and we reveal that two
different Tb15-encoding transcripts exist also in rat,
as was reported for human.8 A syntenic analysis
comparing mouse, rat and human further clarified
that these two Tb15 gene loci, Tb15a and Tb15b,
must have existed in the common ancestor of
rodents and primates (two Tb15 loci are also
predicted in Ensembl for chimpanzee and orang-
utan). In accord with the orthologous relationships
derived from the syntenic analysis, the mouse and
rat Tb15 gene products form a separate Tb15a and
Tb15b cluster in the phylogenetic tree. This,
however, cannot be observed for the human gene
products, as these are identical. Since we showed
that the duplication generating the Tb15a/b loci is
not recent, the higher degree of sequence identity
between human Tb15a and Tb15b than that
between their respective orthologues in rat and
mouse is intriguing and may suggest concerted
evolution.
In mouse, one of the Tb15 gene loci subsequently

underwent a tandem duplication, resulting in two
genes with separate promoters (b and c). In
addition, we show the unique existence of a beta-
thymosin read-through transcript spanning these
two loci. Read-through transcription across the
entire length of two neighbouring genes has been
described in human, where 65 out of 41,919
transcriptional units were found to result from
read-through transcription of two adjacent genes.24

Because the underlying mechanisms of gene-
combining read-through transcription remain to
be elucidated, it is not clear whether we should
consider these read-through transcripts as products
of a new gene, or as alternative transcripts from the
gene with which the promoter is shared. Although
read-through transcription is reported to be a rare
phenomenon, in this case it is used efficiently. The



Fig. 9. Transient Tb15c and Tb15r over-expression in NIH3T3 affects the actin cytoskeleton. (a) Left-hand panels show
the phalloidin signal (visualising cellular F-actin) and right-hand panels show the YFP signal (visualising expression of
eYFP or eYFP-beta-thymosin fusions) in fixed NIH3T3 fibroblasts transiently expressing YFP, Tb15c-eYFP or Tb15r-eYFP.
The scale bar represents 25 μm. (b) Quantitative analysis on cells from experiment shown in (a). The phalloidin and YFP
signals were quantified by ImageJ as mean grey values of outlined cells. The number of cells analysed is 42, 52 and 33 for
eYFP, Tb15c-eYFP and Tb15r-eYFP expressing cells, respectively. We selected cells with similar levels of over-expression,
based on the YFP signal intensity (upper graph). Tb15c-eYFP and Tb15r-eYFP expressing cells show a similar, significant
reduction in phalloidin signal compared to the control, eYFP expressing, cells (middle graph). Data are represented as
mean±SEM. ⁎⁎⁎pb0.0001, n.s.pN0.25 (not significantly different); the p-values were determined via Student’s two-tailed t-
test withWelch’s correction. The reduction in F-actin is also evident from the scatter plot of the data (lower graph). Within
the range of the selected cell population, no concentration-dependent effect of Tb15 expression on F-actin reduction is
observed, since there is no correlation between the YFP signal and the phalloidin signal intensity (the slopes of the linear
regression lines are not significantly different from zero, pN0.05).
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Tb15r transcript is the major Tb15 form in adult
organs. The switches in isoform expression of
Tb15s during development (see also below) sug-
gest regulation of this read-through mechanism.
This is not unprecedented, the human DEC-205/
DCL-1 fusion transcript was shown to have an
expression pattern different from that of DEC-205
or DCL-1 alone, suggesting that read-through
transcription of the two genes is differentially
regulated compared to transcription of the single
genes.25 In case of Tb15r and Tb15b, differences in
transcript regulationmay be explained, in part, by the
observed deviations from consensus in splice site
sequences (Fig. 4c).
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The mouse Tb15r has stronger actin
sequestering activity

This work on Tb15r is the first report of a verte-
brate beta-thymosin containing more than one beta-
thymosin module (InterPro-domain 001152 or Pfam-
domain PF01290). Despite the presence of these
two putative actin-binding domains, we found that
Tb15r binds only one actin monomer, albeit with
a twofold higher affinity compared to its short,
classical, counterpart Tb15c.
Studies on other beta-thymosin isoforms provide

insight into the observed 1:1 stoichiometry of the
Tb15r–actin complex. The beta-thymosin predicted
modules that are present in Tb15r both contain the
central hexapeptide motif (17LKKTET22 in Hs_Tb4)
and the preceding hydrophobic patch (6M, 9I and
12F in Hs_Tb4) which are crucial for actin binding by
human Tb4.26 The first module of Tb15r, however,
differs from the second Tb15r module and from
other single domain isoforms because it lacks 13
amino acids at the carboxy-terminus. A human Tb4
fragment with a similar 13 amino acid truncation
was shown to have an activity 10-fold lower than
that of full-length Tb4.27 Additionally, a point
mutation of a conserved residue in the C-terminus
(I34A) lowered the affinity of the Tb4–actin complex
more than 20-fold,28 consistent with structural
models indicating an interaction of the Tb4 C-
terminal region with actin.29,30 Collectively, this
points to a significant contribution of the beta-
thymosin C-terminus in actin binding. This predicts
that the firstmodule on its ownwould have low actin
binding affinity and suggests that it is the second unit
of Tb15r that is mainly responsible for Tb15r actin
binding and sequestering. However, it does not fully
explain why we find a 1:1 stoichiometry for Tb15r
and actin. Indeed, we would still expect a 2:1 stoi-
chiometry based on oneweak and one strong Tb15r–
actin interaction site. Possibly, steric hindrance may
hamper simultaneous binding of two actin mole-
cules. However, based on data from a mammalian
protein with repeated beta-thymosin-related
domains (Spire), the length between the two Tb15r
units should be sufficient to allow binding of two
actin monomers that have a head–tail orientation as
in the actin filament.22,31 Still, it is possible that the
specific connection between the two Tb15r modules
provokes conformational changes in Tb15r or
induces a relative module positioning in Tb15r that
sterically compromises the simultaneous binding of
two actin monomers by Tb15r.
Under the assumption that actin binds to the

second unit of Tb15r, it is evident that the first unit
still has a favourable effect on the actin interaction of
full-length Tb15r, since we observed that the actin
binding affinity of Tb15r is doubled versus that of
Tb15c (which is identical with the second Tb15r
module). We speculate that the N-terminal part may
have a stabilizing effect on the complex, thus
lowering koff. Alternatively, it cannot be excluded
that the first unit could serve as an additional
transient weak-affinity docking site for actin mono-
mers, thereby multiplying the chance of interaction
by increasing the local concentration of actin and in
this way accelerating formation of the 1:1 complex of
actin stably bound to the second Tb15r module by
increasing kon. Both effects could contribute to the
observed lower equilibrium dissociation constant of
the final 1:1 complex of actin with the repeat Tb15r
versus that with the single domain Tb15c.
Although vertebrate beta-thymosins reported so far

are all single-domain proteins, in lower eukaryotes
and in protista several proteins have been described
containing multiple copies of either beta-thymosin
modules20,21 or of the Wiskott-Aldrich syndrome
homology 2 (WH2) domain, an actin-binding domain
that is related to the beta-thymosinmodule.22,23 These
proteins do not simply behave as actin sequestering
agents; they are able to promote actin nucleation or
filament elongation. Models proposed to explain this
rely on the fact that these proteins bindmore than one
actin molecule or may contact actin protomers in the
filament. Our polymerization experiments, however,
are consistent with the fact that Tb15r binds only one
actin molecule, and consequently has no actin
nucleation or filament elongation activity. Tb15r
remains a pure actin monomer sequestering agent,
albeit a more potent one, since its repeated nature
renders it twice as efficient as a single beta-thymosin
in maintaining a monomeric actin pool.

Isoform switching of mouse beta-thymosins in
development and implications for exploring
Tb15 as prostate tumour marker

We show that mouse Tb15 transcripts are present
ubiquitously throughout mouse development (stage
E8.5 until E18.5) and in various tested mouse adult
organs, albeit at lower levels compared to those of
the Tb4 and Tb10 isoforms. To our knowledge, rela-
tive levels of the three mammalian isoforms have
been compared only in adult rat tissues using
Northern blotting.32 Consistent with our findings,
this earlier study reported relatively large amounts
of Tb4 and Tb10 mRNAs, but could not detect Tb15
in any of the organs examined. Our analysis reveals
two isoform switches during mouse development;
i.e. between expression in embryos and in adults. A
first switch concerns the major isoforms Tb4 and
Tb10, with Tb10 being the most abundant in the
embryo and Tb4 being the most abundant in the
adult. The Tb4 transcript profile we obtained in
mouse adult tissue is in good accordance with a
reported tissue expression profile of rat Tb4 at the
protein level.33 A second isoform switch occurs in
the Tb15 family; compared to Tb15b/c, Tb15r is
lower during embryogenesis whereas it is higher in
adult organs. Importantly, we demonstrate that in
the adult tissue set examined, with the exception of
heart, Tb15r is the main Tb15 form expressed.
The switch in expression of the beta-thymosin

isoforms suggests isoform-specific functions. This is
especially relevant because beta-thymosins are re-
ported to have a changed expression profile in many
tumour types. Depending on tumour type, on
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progression state or on other yet unknown factors,
beta-thymosins are either up- or downregulated, and
these changes are often restricted to a specific
isoform.34 To date, it remains unclear to what extent
beta-thymosin isoforms are functionally redundant.
They all appear to directly influence actin dynamics in
vitro and in cells in a similarmanner,35,36 but opposing
effects on angiogenesis and apoptosis have been des-
cribed for Tb4 and Tb10.37–39 Tb15 has been less well
studied and has only recently gained attention
because it was discovered to function as a biomarker
for prostate cancer in human.7 A preliminary study in
prostate cancer patients indicated that Tb15 in
combination with prostate-specific antigen (PSA)
may increase the accuracy of prostate cancer diag-
nosis significantly.40 Currently, an important strategy
in prostate cancer research is the development and
use of mouse models.41 We detected both single and
repeat Tb15 transcripts in TRAMP-C1 to 3. These
mouse prostate cancer cell lines represent different
tumour stages and are derived from an established
and frequently used mouse model of prostate
cancer.17,18 Our data suggest that Tb15r, with its
higher actin sequestering activity, may contribute to
possible Tb15-related effects inmouse prostate cancer.
Researchers studying the potential of Tb15 as bio-
marker using murine models should therefore con-
sider the existence of different mouse Tb15 isoforms,
including Tb15r. This underscores the significance of
this report for ongoing and future cancer research.

Materials and Methods

Phylogenetic analysis

We retrieved protein sequences containing the thy-
mosin beta4 family signature defined by Prosite entry
PS00500 or Pfam entry PF01290 from the Swiss-Prot/
TrEMBL database. The list was refined using evidence
from the literature2 and using results obtained by BLAST-
ing the NCBI and Ensembl databases. We excluded beta-
thymosins predicted solely on genomic DNA cloning data
and focussed on beta-thymosins from deuterostome
species. Because it is known that fish branched off early
in the vertebrate evolution and thereafter underwent a
fish-specific genome duplication,42 we chose to omit beta-
thymosins belonging to the class of Actinopterygii
(including modern fish) from the phylogenetic tree in
order to obtain a clear view on the mammalian beta-
thymosin phylogenetic distribution. The finally selected
protein sequences are given in Supplementary Data S1.
Sequences were aligned with Clustal W.43 A neighbour-

joining phylogenetic tree was constructed using TreeCon44
based on Poisson corrected evolutionary distances, includ-
ing a bootstrap analysis using 1000 replicates. The topology
of the tree was confirmed with PhyML which uses the
maximum likelihood instead of the neighbour-joining
method.43 We chose beta-thymosin from the sponge Sycon
raphanus as an outgroup to root the tree.

Endpoint reverse transcriptase PCR

Briefly, cDNAwas prepared from DNase I-treated total
RNA isolated from flash-frozenmouse tissue and embryos
(Swiss mice) or from collected TRAMP-C cells (RNeasy
Midi (Qiagen), High Pure RNA Isolation kit (Roche),
Transcriptor First Strand cDNA Synthesis kit (Roche)).
Target specific primers were designed based on GenBank
accession numbers NM_021278, EL959182, BU530212,
DV065717, BU530212, BB667250 reported inMus musculus
for Tb4, Tb10, Tb15a, Tb15b, Tb15c and Tb15r, respec-
tively, as documented in Fig. 3.
Quantitative real-time PCR (qRT-PCR) reactions on

mouse tissues and embryos were done in duplicate on a
LightCycler 480 (Roche) using the Fast start SYBR green
master mix (Roche). We performed absolute quantification
using external calibration curves generated with recombi-
nant DNA. Dilutions ranging from N107 to b10 mole-
cules/reaction were used for these curves. The combined
copy number of Tb15b and Tb15c was quantified by
subtracting the copy numbers obtained using primer set
MmTb15r from those obtained using primer set
MmTb15b/c+r. We normalized using a normalization
factor calculated by qBASE software‡ that was based
on qRT-PCR results of a set of housekeeping genes ana-
lysed for each sample. For embryonic tissues, the
combination of glucose-6-phosphate dehydrogenase
(G6PDH), hypoxanthine-guanine phosphoribosyltrans-
ferase (HPRT), phosphoglycerate kinase 1 (PGK1) and
ubiquitin-C (UbC) as housekeeping genes resulted in the
lowest variation of reference gene transcription levels
across the samples. In adult tissues, we selected HPRT,
PGK1 and UbC as a valuable set of housekeeping genes
for normalization. (For full details, refer to Supplementary
Data, Methods.)
Endpoint PCR on TRAMP-C cells was performed on

equal amounts of cDNA using 0.5 μM forward and reverse
primers and 2.5 units of Taq Polymerase (Invitrogen) in
EasyStart™ PCR Mix (Mol. BioProducts); 42 rounds of
amplification were done.

Recombinant expression of Tb15c and Tb15r
peptides

Tb15c and Tb15r coding sequences were amplified from
cDNA of mouse kidney tissue using forward primer 5′-
GGCATATGAGCGATAAACCAGACTTG-3′ and reverse
primer 5′-GGCCATGGTTATGTTCTTTCATTGTGTTC-3′
and cloned into the prokaryotic expression vector
pET30a (Novagen) between the NcoI and NdeI (New
England BioLabs) restriction sites. Proteinswere expressed
in BL21(DE3) cells after induction by isopropyl-beta-D-
thiogalactopyranoside. Purification of beta-thymosin was
done by adding four volumes of ice-cold 0.3 M perchloric
acid to cleared cell lysate, followed by centrifugation to
remove precipitated protein, neutralization of the super-
natant with potassium chloride, centrifugation and final
purification by C18 reverse-phase HPLC (Waters).45 The
correct molecular mass of reverse-phase HPLC-purified
peptides was confirmed by mass spectrometry.

Actin binding assays

Rabbit skeletal muscle actin was prepared and stored in
G-buffer (5 mM Tris–HCl pH 7.7, 0.1 mM CaCl2, 0.2 mM
ATP, 0.2 mM DTT).46 Actin was labelled with N-
pyrenyliodoacetamide47 or with 7-chloro-4-nitrobenzeno-
2-oxa-1,3-diazole (NBD).48 The effect of beta-thymosin on
actin polymerization kinetics, and the dissociation
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constants of beta-thymosin–actin complexes were deter-
mined as specified.5 Details of Kd calculations are
described in Ref. 26 For conditions in which barbed
filament ends are capped, we incubated F-actin with the
barbed end capping protein gelsolin in a molar ratio of
200:1 actin/gelsolin before incubation with Tb15. The
critical monomer concentration of actin (0.16 μM and
0.54 μM for filaments with free or capped barbed ends,
respectively) was derived from parallel experiments.
Actin monomer binding of Tb15r was assayed using

band-shift in non-denaturing PAGE,49 using zero-length
crosslinking as described,50 or using NBD-labelled actin
for a continuous variation experiment (the Job method) as
adapted from Ref. 51 Briefly, NBD-actin and Tb15r were
diluted in G-buffer and incubated at various molar ratios
but at a constant total protein amount of 2.4 μM for 30 min
at room temperature. Fluorescence spectra were obtained
using excitation at 475 nm. The emission maximum was
reached at 534.5 nm.

Beta-thymosin eukaryotic expression

Mouse Tb15c and Tb15r coding sequences were amp-
lified from cDNA of mouse kidney tissue using forward
primer 5′-CGCTCGAGATGAGTGATAAACCAGAC-3′
and reverse primer 5′-CGTGGATCCGCAGTTCTTTCAT-
TGTGTTC-3′ and cloned into XhoI and BamHI (New
England Biolabs) sites of mammalian expression vector
pEYFP-N1 (Clontech, BD Biosciences) allowing expression
of beta-thymosin C-terminally fused to eYFP. We trans-
fected NIH3T3 cells using FuGene6 Reagent (Roche) with
plasmid DNA (EndoFree Plasmid Maxi kit, Qiagen).

Cell culture and staining

NIH3T3 cells (ATCC) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with GlutaMAX™-I
(Gibco) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (Gibco) and 1% (w/v) penicillin-
streptomycin (Gibco). Cells were cultured at 37 °C in a 5%
(v/v) CO2 atmosphere. Staining with phalloidin was as
described.5 Images of control and Tb15-eYFP fusion
protein expressing cells were taken using identical micro-
scope settings and fluorescence intensities were quantified
by ImageJ software§. Statistical analyses were performed
via GraphPad Prism 5 software.
TRAMP-C cell lines (C1,C2,C3) were obtained from

ATCC and cultured at 37 °C in an 8% (v/v) CO2 atmos-
phere in DMEM containing 4 mM L-glutamine, 4.5 g/l
glucose without sodium pyruvate (Gibco) supplemented
with 10% fetal bovine serum, 5 μg/ml bovine insulin
(Sigma) and 10 nM 5-alpha-androstan-17beta-ol-3-one
(Fluka).
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